Objective Fatigue is an important and often underemphasized symptom in patients with obstructive sleep apnea (OSA). Sleep fragmentation, i.e., arousals and disruptions in sleep architecture, is common in patients with OSA and may potentially contribute to their fatigue. We hypothesized that arousal frequency and changes in sleep architecture contribute to the fatigue experienced by patients with OSA. Design Seventy-three patients with diagnosed but untreated OSA (AHI≥15) were enrolled in this study. A baseline polysomnogram was obtained, and fatigue was measured with the Multidimensional Fatigue Symptom Inventoryshort form (MFSI-sf). We evaluated the association between fatigue and arousals and various polysomongraphic variables, including sleep stages and sleep efficiency. Results Significant correlations between MFSI-sf subscale scores and various arousal indices were noted. Emotional fatigue scores were associated with total arousal index (r= 0.416, p=.021), respiratory movement arousal index (r= 0.346, p=.025), and spontaneous movement arousal index (r=0.378, p=.025). Physical fatigue scores were associated with total arousal index (r=0.360, p=.033) and respiratory movement arousal index (r=0.304, p=.040). Percent of stage 1 sleep and REM sleep were also associated with physical and emotional fatigue scores. Hierarchal linear regression analysis demonstrated that emotional fatigue scores were independently associated with spontaneous movement arousals after controlling for age, body mass index, depression, and sleep apnea severity. Conclusions These findings suggest that arousals may contribute to the fatigue seen in patients with OSA.
Introduction
Obstructive sleep apnea (OSA) is a common condition found in approximately 10% of the general population [1] . It is characterized by episodes of upper airway obstruction during sleep, with resultant apneas and hypopneas, frequent arousals from sleep, and repetitive transient drops in oxyhemoglobin saturation. Patients with OSA typically have symptoms of excessive daytime sleepiness (EDS), insomnia, and fatigue [2] .
There is less known about the incidence and impact of fatigue in patients with OSA. Fatigue as a concept is more difficult to define, and sometimes, it is used by patients interchangeably with sleepiness. Nonetheless, correlation studies have demonstrated poor agreement between measures of sleepiness and fatigue, suggesting that fatigue is a distinct entity in these patients [3] [4] [5] . Current ideas of fatigue include diverse conceptualizations referring to acute vs. chronic fatigue, physiological vs. psychological fatigue, or central vs. peripheral fatigue [6, 7] . In OSA, patient fatigue has not been well characterized. Fatigue is a common problem, with a reported incidence of 24% in the general US population, rising up to 50-90% in patients with cancer, chronic lung disease, or multiple sclerosis [8] [9] [10] . Fatigue is associated with significant morbidity; for instance, cancer patients report that fatigue is their most troubling symptom [11] .
There have been limited studies looking at fatigue as an independent symptom in OSA. Although EDS is the most prominent reason for referral in OSA patients, several studies have found that the incidence of self-reported fatigue surpasses that of sleepiness in these patients [3, 4] . When patients with OSA were asked to report their most prominent symptom, more patients chose fatigue over sleepiness (40% vs. 22%) [4] . When OSA is successfully treated, patients reported improvements in their fatigue [12, 13] .
It is not clear what drives the feeling of fatigue in apneics. Measures of apnea severity, such as the apnea hypopnea index (AHI) or various measures of oxygen desaturation, are not correlated with fatigue measurements [3] [4] [5] [14] [15] [16] . In studies of chronic fatigue syndrome, decreased amounts of slow wave sleep and sleep efficiency have been associated with fatigue, although the results have been inconsistent [17, 18] . There may be subtle ethnic differences as well differences in the association of fatigue and sleep; previous work has demonstrated that decreases in slow wave sleep are associated with increased fatigue scores particularly in African-American subjects [19] . In normal adults subjected to partial sleep deprivation, increases in fatigue scores were associated with increases in stages 1 and 2 sleep [20] . There is no consensus, however, regarding which polysomnographic changes are consistently associated with fatigue, and the literature on fatigue in patients with OSA is limited.
There has also been little investigation examining EEG arousals and fatigue. Patients with OSA experience frequent EEG arousals, defined as abrupt changes in EEG frequency to alpha or theta without spindle activity. Arousals can also be further classified into cortical, movement, and respiratory arousals [21] . These frequent arousals may potentially contribute to increased fatigue through sleep fragmentation. Prior work in models of upper airway resistance syndrome found that arousal frequency was associated with increased fatigue [22] .
In summary, fatigue appears to be understudied in OSA patients, despite its being a prominent and frequent symptom in this population. Prior studies have demonstrated no clear association of fatigue measurements with apnea severity. Little has been done looking at the association of fatigue with polysomnographic disturbances such as sleep stage changes and sleep fragmentation in OSA. This study examines the contribution of arousal frequency to fatigue scores, after controlling for a number of factors that would likely influence fatigue. We hypothesize that arousal frequency as well as changes in sleep architecture contribute to the fatigue experienced by patients with OSA.
Methods
Patients Participants with known or suspected obstructive sleep apnea not previously treated were recruited by advertisement or word of mouth. Enrolled patients underwent a history and physical examination as well as answered questions about their medical history to determine eligibility for the study. Patients with a history of kidney, liver, pulmonary or heart disease, stroke, or other neurologic disorders were excluded from participation. Women were also excluded if pregnant. Basic intake data were obtained on all participants, including age, ethnicity, vital signs, weight and body mass index, education, and occupation. After a baseline polysomnogram, 73 (59 men and 14 women) had OSA (AHI≥15) and were invited to participate in the study. Study participants also completed the Center for Epidemiologic Studies-Depression scale (CES-D) and Multidimensional Fatigue Symptom Inventory-short form (MFSI-sf) to evaluate the extent of depressive and fatigue symptoms. The study was approved by the Institutional Review Board at the University of California, San Diego (UCSD), and participants were studied after obtaining written informed consent.
CES-D
The CES-D is a commonly used tool for measuring the prevalence of depressive symptoms in a population [23] . It measures current levels of depressive symptoms across 20 questions that inquire about symptoms such as hopelessness, appetite loss, depressed mood, feelings of guilt, sleep disturbance, and psychomotor retardation. Respondents report how often they have experienced depressive symptoms over the past week: 0 = rarely or none of the time. 1 = some or a little of the time, 2 = occasionally or a moderate amount of time, and 3 = most or all of the time. Instruments are scored with a raw sum, with scores ≥16 suggesting an increased risk of depression. The CES-D has been validated across a number of different patient populations and has been used to determine the influence of depression on health outcomes.
MFSI-sf The MFSI-sf is a 30-item instrument designed to assess global, somatic, affective, cognitive, and behavioral symptoms of fatigue [24] . Respondents report how often they have experienced symptoms of fatigue over the prior week, with 0 = not at all to 4 = extremely. Scores are summed to obtain subscale scores, which include general fatigue, physical fatigue, emotional fatigue, mental fatigue, and vigor. The vigor subscale score is then subtracted from the sum of the four fatigue subscales to obtain a total fatigue score. The range of scores for each subscale ranges from 0 to 24 and for the MFSI-total score, −24 to 96. Higher scores indicate increased fatigue. The instrument has been used extensively in different patient populations to assess for the prevalence and severity of fatigue [25] .
Polysomnography All participants were admitted to the Gillin Laboratory of Sleep and Chronobiology of the UCSD General Clinical Research Center and underwent baseline overnight polysomnography on one night as previously described [21] . Polysomnograms were always recorded as part of this study at the onset of enrollment. Electroencephalography, electroculography, chin electromyography, and thoracic and abdominal respiratory effort were recorded on a Grass Heritage digital polysomnograph (Model PSG36-2, Astro-Med, Inc, West Warwick, RI, USA). Oxygen saturation was measured with a pulse oximeter (Biox 3740; Ohmeda: Louisville, CO, USA). Sleep recordings were scored in 30-s epochs and staged according to the criteria of Rechtshaffen and Kales [26] . Percent of total sleep time for each sleep stage (1, 2, slow wave sleep, and REM), AHI, oxygen desaturation index (ODI), and arousal indices were calculated for each participant. Apneas and hypopneas were defined as decrements in airflow of >90% and >50% but <90% from baseline lasting at least 10 s, respectively. The number of apneas and hypopneas per hour of sleep were calculated to obtain the AHI. Arousals were scored according to the general criteria of the ASDA and globally defined as sudden increases in EEG frequency to alpha or theta without spindle activity, lasting at least 3 s but less than 15 s, with at least 10 s of sleep recorded prior to the arousal [27] . Arousals were then further subclassified as previously described into the following categories [21]:
1. Total arousals: the sum of all cortical, movement, and snore arousals divided by the total sleep time. 2. Snore arousal: any type of arousal occurring immediately following a period of crescendo snoring in the absence of an apneic event. Snore arousals include respiratory effort related arousals. 3. Limb movement arousal: sudden increase in EEG frequency following a spontaneous limb movement in the absence of an apneic event or crescendo snoring.
4. Periodic limb movement arousal: sudden increase in EEG frequency following a periodic limb movement in the absence of an apneic event or crescendo snoring. 5. Respiratory cortical arousal: sudden increase in EEG frequency without obvious rise in chin or leg EMG activity occurring within three breaths after the termination of a respiratory apneic event. 6. Respiratory movement arousal: sudden increase in EEG frequency associated with increased in chin or of the tibialis anterior muscle EMG activity of the chin or of the tibilias anterior muscle occurring within three breaths after the termination of a respiratory apneic event. 7. Spontaneous cortical arousal: sudden increase in EEG frequency without an increase in EMG activity occurring in the absence of an obvious precipitating event. 8. Spontaneous movement arousal: sudden increase in EEG frequency associated with an increase in chin or of the tibialis anterior muscle EMG activity of the chin or of the tibiliais anterior muscle, occurring in the absence of an obvious precipitating event.
Indices for each arousal type were calculated by summing the number of each particular arousal and dividing per hour of the total sleep time. Scoring reliability measures for measures for arousal indices have been described previously [28] .
Statistical analyses Descriptive statistics were determined for all demographic and sleep architecture characteristics. Distributions for the arousal indices were square root transformed to approximate a normal distribution. Pearson correlations were performed between MFSI-sf subscale scores and sleep architecture measures as well as the various arousal indices 1 . In order to account for multiple comparisons due to the multiple fatigue and sleep variables, we applied Fisher's Least Significant Difference test [29] . This is a two-stage test where at the first stage, the grand null hypothesis encompassing all the hypotheses of interest is tested. If this grand null is rejected, then the second stage tests the individual hypotheses separately. To this end, we first performed a multivariate ANOVA (MANOVA) using MFSI-sf subscales as dependent variables with sleep parameters (i.e., percent of stages of sleep, sleep efficiency, arousals, etc.) as covariates. If the F test for a MANOVA model was statistically significant, we proceeded to the second stage and tested individual hypotheses. We then 1 We did not evaluate associations between MFSI-sf general fatigue subscale and measures of sleep architecture or arousals because as noted in the literature 28 and as found in our preliminary analyses, the MFSI-sf general fatigue scores are so tightly correlated with MFSI-sf total scores (r=.921, p<.001) that little is to be gained by analysis of both of these measures in the face of their colinearity.
performed separate hierarchical regression analyses to examine arousal relationships with the fatigue measures to determine if sleep architecture measures or arousals contributed additional independent information to fatigue severity, after controlling for demographic variables, depression, and sleep apnea severity. These hierarchical regressions were employed to examine fatigue/arousal relationships only where a significant association was revealed on MANOVA analysis. Each MFSI-sf subscale was the dependent variable. At step 1, we forced entry of age and BMI. For step 2, we entered total CESD scores. For step 3, we entered AHI and the oxygen desaturation index. For step 4, we entered the pertinent arousal index and/or sleep architecture measure. For fatigue subscales in which total arousals and respiratory movement arousals both had significant MANOVA statistics, we entered only respiratory movement arousals in step 4, because total arousals and respiratory movement arousals were highly correlated with each other (r=0.966, p≤0.001) Statistics were considered significant at p<0.05. Statistical analyses were performed using SPSS statistical software (SPSS for Windows 12.0: SPSS Inc.; Chicago, IL, USA).
Results
Seventy-three patients with obstructive sleep apnea completed the study. Table 1 describes subjects' demographic and anthropometric characteristics. Patients were on average middle aged (50 years old ± 9 years), predominantly male, and mildly obese (BMI=31.1±6.3 kg/m 2 ). Average CES-D scores were somewhat elevated at 11.1±9.0. Mean total MFSI-sf scores were elevated at 8.8±17.7, suggestive of moderate fatigue [24, 25] . Table 2 depicts the baseline sleep parameters. On average, the study population had severe OSA (AHI= 49.3 ± 29.7). The mean total arousal index was also significantly elevated at 33.2±26.0. The majority of the arousals consisted of respiratory movement arousals. Stages 1 and 2 sleep were high at 16.9% and 61.0%, respectively, and slow wave and REM sleep were both low at 2.8% and 16.9%, respectively; sleep efficiency was mildly reduced. This is consistent with the typical lighter sleep noted in severe apneics. Table 3 summarizes the Pearson correlation analyses. There were a number of statistically significant associations between various MFSI-sf subscales and sleep architecture measures. Physical fatigue scores were significantly associated with percent stage 1 and REM sleep (r=.329, p=.03, r=0.324, r=.04, respectively), emotional fatigue with percent stage 1 sleep (r=.329, p=.03), and total fatigue scores with percent stage 1 sleep (r=.274, p=.02). There were also a number of significant associations of fatigue scores with various arousal indices: including physical fatigue with total arousals (r=0.360, p=.003), emotional fatigue with spontaneous movement arousals (r=0.317, p=.009), emotional fatigue with total arousals (r=0.416, p=0.001), and total MFSI-sf scores with total arousal scores (r=0.269, p=0.03).
To control for multiple comparisons, we employed a MANOVA with MFSI-sf subscales as dependent variables and with sleep variables used in Table 3 as covariates. An ominibus F test was obtained for each dependent variable; the models were significant for physical fatigue (F=3.565, p=.001), emotional fatigue [14, 15] . Depression has been demonstrated to be a significant independent contributor to fatigue in patients with OSA but is unlikely to be the sole causative entity [15] . There is limited information about fatigue and arousals in patients with OSA, although there are some preliminary studies in other patient populations. A study of patients with multiple sclerosis found significantly increased self reports of fatigue and poor sleep quality. The polysomnograms for such patients revealed increased amounts of sleep fragmentation and arousals [30] . In a group of subjects with high levels of occupational stress and mental fatigue, disturbances in sleep architecture (more stage 1 and decreased slow wave and REM sleep) and increased arousal frequency were observed [31] .
Our finding that movement arousals made particularly significant contributions to emotional fatigue scores is important, as it is one of the first reports of a potentially new etiologic factor in the fatigue of apneics. The finding that a specific type of arousal (spontaneous movement) was particularly associated with emotional fatigue is also interesting and unexpected. Although disturbances in polysomnographic variables and increased arousals were positively correlated with physical and total fatigue scores, these variables were not statistically significant after controlling for other factors that could be contributing to fatigue scores.
It is also interesting to note that emotional fatigue scores were the subtype most influenced by arousal severity. The MFSI items that contribute to the emotional fatigue scores focus heavily on mood disruption and anxiety. One can speculate that the emotional fatigue subscale of the MFSI-sf measures fatigue associated with depressive symptoms and that movement arousals may influence fatigue through or in concert with changes in depressive symptoms. In this study, depression scores contributed a significant amount of variance to fatigue scores as well as movement arousals. Given that this is a cross-sectional study, it is impossible to fully delineate the relationship between arousals, fatigue, and depression. However, it is likely that depression plays an important role in the perceived symptoms of patients with OSA. Prior studies have found disproportionate incidence of depression in patients with OSA [32, 33] .
When patients were treated for their OSA, depression scores were noted to improve [32] . Overall, this is suggestive of a psychological component to the fatigue that apneic patients experience.
Limitations of our study include our sample size and our multiple Pearson correlation comparisons. We felt it was relevant to perform a first pass screen of relevant sleep architecture variables and arousal indices with fatigue measures, as there is limited literature that supports any specific variable over another. Each polysomnographic parameter also likely represents a physiologically distinct variable and we felt each deserved attention in our analyses. As a check against multiple comparisons, we employed a MANOVA approach that tested overall models of fatigue with sleep parameters as covariates. The MANOVA was statistically significant for three of the models examined, with the exception of the mental fatigue measures, which were not included in the final analyses. We also only included variables in our linear regression modeling that were noted to be significant in the MANOVA analyses. The hierarchical linear regression served as another form of statistical control of our multiple comparisons, as it showed significance primarily with movement arousals, after controlling for a number of potential contributors to fatigue scores.
Although we noted positive associations of fatigue with various sleep measures (stage 1 sleep, AHI, and total arousals), these measures are not necessarily independent measures; all of these measures can be potential markers of sleep apnea severity. We included these parameters in our hierarchical linear regression to evaluate contributions to fatigue and as noted previously, only movement arousals were statistically significant. The lack of significance of the other parameters such as stage 1 sleep and AHI in the final model suggests that although they may be related to fatigue, their relationship is not sufficiently strong to make them significant contributors in the final hierarchical linear model, after controlling for arousals.
In this study, we have examined total arousals in the context of cortical and movement arousals and further subdivided them into those of spontaneous and respiratory origin. Although one would not necessarily expect to see different types of arousals causing differential responses on fatigue, we have previously found some utility in examining specific types of arousals. For instance, in a prior study of patients with obstructive sleep apnea, it was noted that movement arousals were associated with increased sympathetic nervous system functioning but cortical arousals were not [21] . Given the potential for an increased contribution of movement arousals on outcomes in patients with OSA, we believe that further investigation of subtypes of arousals is indicated.
Our study population is quite homogenous and "healthy" for an OSA sample as we excluded any patients with other chronic medical conditions. It is possible that other disease processes commonly associated with OSA, such as diabetes mellitus, are important etiologic factors in their fatigue as well. Another potential limitation of our study is that our participants may have confused symptoms of sleepiness with fatigue. We attempted to minimize this confusion by using an instrument that has been validated for use in measuring fatigue in different populations. Although sleepiness and fatigue are often unfortunately used interchangeably by clinicians, studies have shown that patients are able to identify each as a distinct symptom [3] [4] [5] .
Although we presented data showing significant correlations of spontaneous movement arousals with fatigue, these arousals were a relatively uncommon occurrence in our sample population. The clinical significance of our findings remains to be determined. Might it be useful in the future to target arousals in order to treat fatigue? This study provides an early report of a positive association between fatigue and movement arousals, a finding not previously noted in the literature.
In conclusion, we presented evidence for a potential role of sleep fragmentation in the fatigue seen with obstructive sleep apnea, through changes in sleep architecture and increased arousals. We also provided evidence that movement arousals contributed a significant amount to emotional fatigue scores.
